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Abstract 
Fiber reinforced polymers (FRP) are used more and more in new construction structural components. Today already first transport 
infrastructures e.g. road and pedestrian bridges are built out of such components, using mainly manual and not automated 
manufacturing processes. In order to develop a cost-effective integrated construction process that will enable the maximum 
capability of automation of components for transport infrastructures using polymer based materials (carbon fiber, glass fiber, etc.) 
there is a need to industrialize the whole construction process of the FRP components. 
Hence the main objective is the conception and development of an automated off-site industrialization process for producing 
modular FRP-based transport infrastructure components. This overall process will cover the whole production process from the 
procurement of raw materials up to the transport of the produced components, including the facility layout and the management of 
involved human resources. 
This leads to the conceptual design of an off-site industrialization process for the most suitable highly flexible and agile production 
process at a high automation level as well as for coping different sizes and quantities of FRP components. 
Within this paper different planning activities for the conceptual design of the off-site industrialization process are presented and a 
detailed description of each planning phase and their associated planning activities is given. To define a conceptual design of the 
off-site industrialization process, the components that should be produced and the needed manufacturing processes are shortly 
presented. As a result of this for each component of the bridge, a generic production structure can be assigned and evaluated. 
Production areas, logistics as well as a rough layout for the factory have been analyzed and finally a variant for the possible final 
factory layout is presented. 
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1. Introduction and Problem Statement 
Polymer composites, also known as Fibre Reinforced 
Polymers (FRPs), are commonly used for strengthening 
existing structures in concrete and steel in civil and 
building construction. Fiber reinforced polymers (FRP) 
are used more and more in new construction structural 
components. Today already first transport infrastructures 
e.g. road and pedestrian bridges are built out of such 
components, using mainly manual and not automated 
manufacturing processes. Potential capacity of these 
materials is not yet been exploited because of complex 
manufacturing processes for composites components in 
construction that currently are based either on inefficient 
manual processes or in processes unable of taking 
advantage of the full capacity of these materials [7]. 
In order to develop a cost-effective integrated 
construction process that will enable the maximum 
capability of automation of components for transport 
infrastructures using polymer based materials (carbon 
fiber, glass fiber, etc.) there is a need to industrialize the 
whole construction process of the FRP components. 
Hence the main objective is the conception and 
development of an automated off-site industrialization 
process for producing modular FRP-based transport 
infrastructure components. This overall process will 
cover the whole production process from the 
procurement of raw materials up to the transport of the 
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produced components, including the facility layout and
the management of involved human resources.
The overall concept represents the systematization 
and structuring of all planning activities and their related
planning objects. Different planning activities for the
conceptual design of the off-site industrialisation process 
are presented and a detailed description of each planning
phase and their associated planning activities is given.
Based on that, production areas, logistics and a rough 
layout for the factory will be analysed and finally
different variants for the possible final factory layout are
presented.
The developed concept is a part of the European re-
for transport infrastructures based on polymer composite
-IND EU FP7-NMP) on 
innovative concepts and technologies to enable the
maximum capability of industrialisation of components
for transport infrastructures (road and pedestrian bridges,
underpass, containing walls, acoustic and safety barriers)
using polymer based materials.
2. FRP Structural Components
The next chapters concentrate on the product and the
required manufacturing processes for this purpose. To
establish the relationship between the product parts
(components) and the manufacturing processes the
product is presented first. Once the components are
described, they can be assigned to the appropriate
manufacturing processes according to the desired shape
and characteristics. This forms the basis for later 
activities in order to create a precedence planning graph,
describing what processes can run in series or parallel.
2.1. Beams
A beam is a structural element that is used to absorb
load and resist bending. They are designed to carry
horizontal (e.g. earthquake, wind) as well as vertical 
loads. Beams are characterised through their profile,
their length and their material.
The profile of the beams can be open-shaped, closed-
shaped and u-shaped [11]. The expected beams are 10-
40 meters long and consist of the following components:
Sheath
Diaphragm- Modules
The assembled beam is mounted on two concrete
columns. It is expected that a fabricated beam which has
to stand on two columns therefore consists of a sheath
and diaphragms. The number of diaphragms depends on 
Fig. 1: Exploded drawing of a composite beam in an early planning
phase.
the beam`s design (length and type of the beam). The 
aforementioned components can also be seen in Fig. 1
schematically, which shows the draft of the beam in an 
early planning phase.
2.2. Decks
A deck is a flat surface capable of taking weight and 
is designed for applications in vehicular and pedestrian
bridges (see Fig. 2). The used materials to manufacture
this deck are glass, epoxy resin and concrete. The deck 
components can be applied on different types of beams
mentioned in the former section [11]. Two different 
types of decks can be produced: one made of thermoset 
material and another one made of thermoplastic material.
These products have to pass other processes (e.g.
pultrusion processes, cutting processes) until they can be
shipped to their final destination.
2.3. Acoustic and Safety Barriers
For bridges made out of FRP structural components, 
two different types of barriers can be defined, acoustic 
barriers and safety barriers. An acoustic barrier is an 
element to protect sensitive land uses from noise
pollution. They are the most effective method of 
mitigating roadway, railway and industrial noise. Within
this work three topologies of acoustic barriers are
considered to assure the most suitable solution for noise
reduction: Simple acoustic barriers, acoustic barriers
with vegetation, curved acoustic barriers. All these
acoustic barriers systems consist of panels made of glass
reinforced polymers (GFRP), supported by glass fibre H-
shaped soldier piles [11]. A safety barrier is a component
which prevents unwilled access to a locked or potentially 
deadly area. In traffic it is a guard, such as a fence, to 
keep the vehicle away from falling down e.g. a bridge or 
cliff.
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Fig. 2: FRP deck with concrete. 
Hard barriers are fixed or removable guards which 
prevent entry. Soft barriers are devices such as light 
curtains which detect the presence of a foreign body and 
are tied into the control circuit to stop the machine. 
Within this work safety barriers can be divided in two 
typologies: 
 Simple Safety Barriers  
 Safety Barriers with Foam  
All these safety barriers consist of two closed cap 
FRP profiles supported by steel posts. For each type of 
safety barrier, geometrical dimensions and figures 
related to the impact analysis are provided. Simple 
safety barriers and safety barriers with foam have the 
same geometrical dimensions and consist of the same 
elements. The only difference is the foam within the 
closed cap profiles [11]. 
3. FRP Manufacturing Processes 
In order to conceive an overall industrialisation 
process, the different manufacturig steps for the different 
components have to be defined, alligned and connected 
to each other. A general concept of the overall 
manufacturing process is shown in Fig. 3.  
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Fig. 3: Overall Manufacturing Process. 
3.1. Material Production 
Crossply Production  The production of Crossply 
Material can be basically separated between laminates 
with the UD (UniDirectional) layers oriented at 0 and 
45° and UD layers oriented at 0 and 90°. The UD 
material is unwound and fed by means of the supply belt 
to the cutting unit. The length of the cut piece 
corresponds with the width of the ultimate product. The 
cut piece is placed by a positioning belt on top of the UD 
layer which is unwound from a second unwinder. The 
angle of the UD layer is determined by the angle at 
which the turn section is placed. Both layers are 
laminated together by means of the laminator unit and 
wound on the winder. Multi-axial laminates are made by 
multiple passes through the machine, for example to 
include a 90° layer on the laminate [12]. These crossply 
laminates are used for production of closed cap profiles 
for the safety barriers components. 
UD Production  The production of so called 
UniDirectional (UD) resin material can be separated 
between thermoplastic resins and thermoset resins. 
The process for thermoplastic resins is using an 
extruder for the supply of the molten resin to the fibres. 
The fibres are pulled from a creel and guided in such 
manner that they are evenly distributed over the length 
of the rollers. The resin film is held at the appropriate 
temperature and impregnates the fibres as they pass 
through the nip of the rollers. After the impregnation, the 
UD material is cooled and by means of the pull rollers 
transported to the winder. A related process is used for 
UD thermoset resins [13]. The UniDirectional resins are 
used for the production of FRP closed shaped beams. 
3.2. Manufacturing steps 
Pultrusion  The pultrusion is an automated and 
continuous production process that allows the 
manufacturing of parts with a constant cross-sectional 
area. The solid product can be an open cross-section, 
such as a sheet, a closed cross-section like a tube or 
complex cross-section as a panel with reinforcing ribs. 
For the processing, the fibers are guided to the 
reinforcing material through the resin tank, where they 
connect with each other and where they are already 
brought in the first form. Then the material is drawn 
through a die casting mold which is heated and thus to 
cure the resin. Depending on the shape of the product it 
is necessary to make sure that the resin cures correct and 
proper to prevent the cause of cracks in the product. The 
last process step is that the solid product is cut to size. 
In summary, this process has a high degree of 
automation, low investment cost and fast production 
speed [9].  
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Continuous Compression Moulding - Continuous 
Compression Moulding is a semi-continuous process in 
which several pressing tools are included in one press. 
These tools are arranged in a row and the material is 
transported through them. The main objective of this 
process is to separate the heating and the cooling zone of 
the tool in order to realize high heating and cooling 
rates. This means that the impregnation and the 
solidification take place in different parts of the tool. In 
the heated section at the beginning the material is 
impregnated and consolidated and then it is still 
consolidated and also solidified in the cooling section. 
The Continuous Compression Moulding can be split into 
four steps: first the mould will be closed, a constant 
pressure will be applied, the mould will be lifted and at 
the end the laminate will be transported to the output 
unit. Although various materials are suitable mostly 
carbon or glass fibre reinforced polymers are used for 
Continuous Compression Moulding [5]. Within this 
production step various profiles can be produced, which 
are used to manufacture closed shape profiles for the 
FRP safety barriers. 
Resin Transfer Moulding (RTM)  The Resin 
Transfer Moulding is like a resin injection process and is 
a kind of wet-press method [3]. In this production 
process a dry fibrous material preform is laid into a 
casting form and sealed. Through an opening the resin is 
introduced and filled the entire mould with resin [3]. 
Once all the air has escaped from the mould the curing 
process can begin. This process step can be accelerated 
by a heated mould.  The resin transfer moulding enables 
the production of complex parts with a medium level of 
automation and medium-speed [9], [3]. For the RTM 
process standard machines are not defined yet and could 
not be found by investigation, such as the machines used 
for the conventional injection moulding process. The 
investigated machines are customized work stations. For 
this reason the assumption is to continue conceptual 
planning with the assumption of customized machines 
[10].  
Filament Winding  In this process fibres are 
combined, which are wound after wetting with resin on a 
mandrel/spindle [8]. Therefore only the spindle rotates 
and the material is applied on the spindle by using a 
slide. Through the horizontal reciprocating movement of 
the slide it is able to vary the angle of application and 
therefore the verification of the structure, e.g. thus at the 
same rotational speed, the angle is flatter the faster the 
movement of the slide. During the winding process the 
necessary pressure originates caused by the rotation to 
combine the fibres and cure the resin, so there is no more 
pressure needed. Through the rotation of the mandrel 
only straight products can be produced with a high 
degree of automation.  
4. Design of the off-site industrialization process 
In this chapter the main planning activities and steps 
for the conceptual design of the Trans-IND 
industrialization process has been identified. These 
planning activities are the following: 
 Process and Process Sequence Planning for 
production concept  
 Structural Development of the Manufacturing areas 
 Rough Layout Planning 
 Detailed Layout Planning and Graphical 
Representation 
Several approaches to support the engineering in the 
various planning phases of the factory planning are taken 
into account [1], [2], [4], [6], [14-15]. For the design of 
the off-site industrialization process, it is necessary to 
handle the lack for a lot of required planning data in 
Trans-IND project. To get first estimations for 
continuation of planning process many data values are 
created by methodically assumptions 
experience with the aim to plan an ideal production 
plant.  The lack of planning data regards the annual 
number of units to be produced, the specification of 
variants, the number of units per variant as well as the 
dimensions of variants. The number of components for a 
bridge is determined by own contribution. Therefore it is 
stated to continue planning with the expert assumption 
of an ideal standard bridge production. It is defined that 
the standard bridge has two lanes with a width of 2.75 
meter per line, which leads to two decks and three 
beams, with the standard length of maximum 14 meter 
per beam as well as one sheath and 15 diaphragms in 
each beam. The dimensions of the bridge components 
are sporadic given by Trans-IND project description of 
work as well as by Trans-IND project partners involved, 
but most dimensions for product planning for 
manufacturing have to be completed by methodically 
assumptions  as well.  
4.1. Process and Process Sequence Planning for 
production concept 
In this section the manufacturing process as well as 
the manufacturing process sequence and the 
interdependency of these process sequences are 
presented. The process sequence is planned in reference 
to the presented processes and the restriction through the 
Trans-IND project. In reference to the structure of the 
products and their components the process sequence is 
divided into five sections: The sections Safety Barriers, 
Deck and Beam as well as section Beam into the sub-
sections sheath manufacturing, diaphragm 
manufacturing and beam manufacturing. The Process 
Sequence is presented in Fig. 4 from left to right.  
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Fig. 4. Process Sequence
Table 1 below presents the five sections and their Key
Differentiators processes.
Table 1. Key Differentiators processes.
Product Section Process
Safety Barriers Crossply Production
Deck Pultrusion
Sheath Manufacturing Filament Winding
Diaphragm Manufacturing RTM
Beam Manufacturing Adhesive Bonding
4.2. Structural development and dimensioning,
production organization planning
After the determination of the Process Sequence it is
possible to define manufacturing resources with
reference to process duration time schedule. Furthermore
the filament winding process is determined as the
reference schedule for all preparatory and subsequent
processes, because the filament winding process takes 
time and the winding machine is expensive. This leads to 
the determination that the winding machine should be 
fully utilized and all other processes have to be designed
in respect to this condition. It is calculated that the
reference filament winding process for one beam takes 5
hours. Table 2 summarizes a cross section of the
processes, their needed process duration time per unit,
the calculated number of required resources and related
specification. Next planning step presented is the
calculation of the required area dimensions. Table 3
shows a cross section of the resources and their needed
area dimensions. The process sequences are the base for 
the structured functional segments. Function Orientation,
Process Orientation as well as Hybrid Principle 
Component Orientation Structures are considered for the
planning of scenarios.
Table 2. Cross section of summarized processes, resources and related
specifications.
Process Process
Time 
(h/u)
Required 
Resources
(#)
Specification
Filament Winding (FW) 5h/1u 1 Bottleneck
Cutting Sheath 1 Subsequent FW
Finishing Sheath 1 Subsequent FW
Quality Control Sheath 1 Subsequent FW
RTM Diaphragms 8,7h/15u 2 8,7h > 5h
Cutting Diaphragms 8,1h/15u 2 8,1h > 5h
Table 3. Cross section of resources and needed area dimensions. 
Resource Area Dimensions
Filament Winding Machines 34,6m²
Cutting Sheath Machines 22,3m²
Finishing Sheath Machines 43,8m²
Quality Control Sheath Station 42,6m²
RTM Diaphragms Station 62,2m²
Cutting Diaphragms Machines 73,5m²
4.3. Rough Layout Planning
Within the rough layout planning three models are
presented. Each model represents a possible
configuration of the production lines and factory, under 
the needs of the given content from Project Partners, 
restrictions and the previous planning steps. The design 
of the first model is based on the principle of material
flow oriented positioning of the resources. The plants
will be in a clear and simple process flow. The second
model should be compact and optimally exploit the 
smallest possible area. The third model takes into
account principles of methodical arrangement in addition
to the surface and the flow of material. Fig. 5 gives an 
overview of the three models.
Fig. 5. Schematic representation of the Rough Layout Models.
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Fig. 6. Part of the Diaphragm production. 
4.4. Detailed Layout Planning and Graphical 
Representation 
The next step is the design of the detailed layout 
using the CAP system. Subsequent to the Rough Layout 
Planning, the number of variants is methodical reduced 
and determined to the three variants presented in section 
4.3. In the Detailed Layout Planning all planning data 
have to be added in advance, controlled and refined. The 
very accurate planning of such a wide-ranging field 
requires a good project organization. First the exact 
arrangement of the machines has to be determined. 
Consideration should be given to the arrangement in 
relation to the other devices. Furthermore, factors such 
as access to transportation routes, and the space 
available for the layout are crucial. For occupational 
safety minimum distances as well as safety fences must 
be met urgently. The planning for the handling and 
storage elements will be specified clearly, e.g. yet the 
exact dimensions and the identification of the transport 
routes and storage areas can be determined. Fig. 6 
presents an extract of the planned layout and the 
graphical representation within 3D environment. 
5. Conclusion and Future Work 
Within this paper different planning activities for the 
conceptual design of the off-site industrialization process 
are presented and a detailed description of each planning 
phase and their associated planning activities is given. 
To define a conceptual design of the off-site 
industrialization process, the components that should be 
produced and the needed manufacturing processes are 
shortly presented. As a result of this for each component 
of the bridge, a generic production structure can be 
assigned and evaluated. Production areas, logistics as 
well as a rough layout for the factory have been analysed 
and finally a variant for the possible final factory layout 
is presented. At this stage of this work the main data 
within this production concept like process times, 
machine dimensions, sales data, and product data have 
been assumed and estimated.  Detailed planning using 
real process, product and resource data has to be 
evaluated, included and integrated within future work. 
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